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Abstract 18 
Chlorine dioxide (ClO2) has been used as an alternative to chlorine in water 19 
purification to reduce the formation of halogenated byproducts and give superior 20 
inactivation of microorganisms. But the formation of chlorite (ClO2
-) is a major 21 
consideration in the application of ClO2. In order to improve understanding in ClO2
- 22 
formation kinetics and mechanisms, this study investigated the reactions of ClO2 with 23 
30 model compounds, 10 humic substances and 2 surface waters. ClO2
- yields were 24 
found to be dependent on the distribution of functional groups. ClO2 oxidation of 25 
amines, di- and tri-hydroxybenzenes at pH 7.0 had ClO2
- yields > 50%, while 26 
oxidation of olefins, thiols and benzoquinones had ClO2
- yields < 50%. ClO2
- yields 27 
from humic substances depended on the ClO2 dose, pH and varied with different 28 
reaction intervals, which mirrored the behavior of the model compounds. Phenolic 29 
moieties served as dominant fast-reacting precursors (during the first 5min of 30 
disinfection). Aromatic precursors (e.g., non-phenolic lignin or benzoquinones) 31 
contributed to ClO2
- formation over longer reaction times (up to 24 hours). The total 32 
antioxidant capacity (indication of the amount of electron-donating moieties) 33 
determined by the Folin-Ciocalteu method was a good indicator of ClO2-reactive 34 
precursors in the water, which correlated with the ClO2 demand of waters. Waters 35 
bearing high total antioxidant capacity tended to generate more ClO2
- at equivalent 36 
ClO2 exposure, but the prediction in natural water should be conservative.   37 
Keywords: Chlorine dioxide (ClO2); chlorite; chlorate; disinfection by-products; 38 
water treatment 39 
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1. Introduction 40 
Chlorine dioxide (ClO2) is widely used as pre-oxidant or an alternative to 41 
chlorine as secondary disinfectant in water treatment. Application of ClO2 can 42 
effectively control the tastes and odor of source waters and remove iron and 43 
manganese from groundwater. One of the great advantages of ClO2 application is that 44 
the formation of regulated halogenated disinfection by-products (DBPs), such as 45 
trihalomethanes (THMs) and haloacetic acids (HAAs) is much less than using free 46 
chlorine (Barrett et al., 2000; Gates et al., 2009; Li et al., 1996; Richardson et al., 47 
1994; Uzun et al., 2018; Zhang et al., 2000). ClO2 is also a superior disinfectant than 48 
chlorine and chloramines in inactivation of viruses and pathogens, such as 49 
Enterovirus and Cryptosporidium parvum oocysts (Jin et al., 2013; Korich et al., 50 
1990). With the set-up of stringent regulations on halogenated DBPs and 51 
microorganism inactivation, the use of ClO2 has grown. A survey of U.S.A large and 52 
medium-size water utilities in 1998 showed that 8.1% of utilities used ClO2 (AWWA 53 
Water Quality Division, 2000). Approximately a thousand public water systems in 54 
U.S.A used ClO2 to treat potable water (USEPA, 1999a). A survey in China in 2009 55 
showed that 32.8% of Chinese water utilities applied ClO2 disinfection (Zhang and Lu, 56 
2016) 57 
However, the formation of inorganic DBPs—chlorite (ClO2-) and chlorate (ClO3-) 58 
hinders the interest in ClO2 application. Elevated levels of residual ClO2 and its main 59 
by-product ClO2
- are suspected of public health risks, such as hemolytic anemia and 60 
liver damage (Couri et al., 1982). Thus, the U.S. Environmental Protection Agency 61 
(USEPA) has set a maximum contaminant level (MCL) for chlorite in drinking water 62 
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of 1000 μg·L-1 (USEPA, 2006). Both the World Health Organization and China have 63 
also issued individual guidelines for ClO2
- and ClO3
-, each of which should be below 64 
700 μg·L-1 in drinking waters (Ministry of Health, 2006; World Health Organization, 65 
2011). One of the best available approaches for ClO2
- control is limitation of the 66 
applied ClO2 dose, which is thus commonly restricted to 1.0−1.4 mg·L-1 in potable 67 
water treatments (Gates et al., 2009). 68 
ClO2 oxidation generally starts with one-electron abstraction from organic 69 
moieties to produce organic radicals and ClO2
-. The follow-up oxidation of 70 
corresponding organic radicals by ClO2 involves the oxygen transfer with the release 71 
of HOCl or electron transfer with the release of ClO2
- (Rougé et al., 2018; Terhalle et 72 
al., 2018). Although the ClO2
- concentrations in ClO2-treated waters depend on 73 
applied ClO2 dose and water properties (Korn et al., 2002), the ClO2
- conversions in 74 
terms of consumed ClO2 (represented by [formed ClO2
-]/[consumed ClO2]) has been 75 
found to be independent on DOC concentrations (Schmidt et al., 2000). A wide range 76 
of ClO2
- conversions—ranging from 30% to 70%—has been observed in ClO2 77 
oxidation batch or pilot tests of different waters (pH 6.5–8.5, 4–25℃, 0.5–48 hour 78 
reaction time) (Collivignarelli and Sorlini, 2004; Korn et al., 2002; Schmidt et al., 79 
2000; Sorlini et al., 2014; USEPA, 1999a). This implies that the structures and the 80 
quantity of ClO2-reactive organic moieties in waters play more important roles in 81 
ClO2
- conversions during ClO2 treatment.  82 
Humic substances are ubiquitous in aqueous environments and composed of 83 
varied ClO2-reactive sites (Pomes et al., 1999; Singer, 1999). ClO2 preferentially 84 
reacts with hydrophobic fractions of humic substances and decomposes high 85 
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molecular weight fractions (Swietlik et al., 2004), leading to formation of some 86 
organic by-products and the inorganic by-products from ClO2 per se. Formation of 87 
organic by-products after ClO2 oxidation has been evaluated. For example, increases 88 
in the formation of aldehydes and carboxylic acids were observed after ClO2 89 
treatment of humic substances (Dabrowska et al., 2003; Raczyk-Stanisławiak et al., 90 
2004). The amount of total organic halogen (TOCl) produced during ClO2 oxidation 91 
was generally over ten times lower than that produced in chlorination (Hua and 92 
Reckhow, 2007). On the other hand, studies on inorganic by-products (i.e., ClO2
- and 93 
ClO3
-) formation during ClO2 oxidation are rather scattered and limited. The 94 
transformation mechanisms of organic moieties (e.g., tertiary amines, lignins, phenols 95 
and olefins) by ClO2 have been well-studied (Hull et al., 1967; Ni et al., 1994; 96 
Rav-Acha et al., 1986; Wajon et al., 1982), whereas the reduction of ClO2 per se in 97 
these reactions have not been well-validated. A systematic investigation detailing the 98 
ClO2
- formation from ClO2 oxidation of compounds with different function groups 99 
and the effect of different oxidation conditions (i.e., pH, oxidation dose and reaction 100 
time) is needed. Firstly, ClO2 oxidation of compounds with different functional groups 101 
exhibited varied ClO2
- conversions. Previous studies showed that about 50% of the 102 
consumed ClO2 was converted to ClO2
- at a ClO2 to phenol molar ratio of 2 (Rougé et 103 
al., 2018), while ClO2
- conversion of nearly 70% was observed at a ClO2 to 104 
hydroquinone molar ratio of 6 (Wajon et al., 1982). The end reduction product from 105 
ClO2 can be different depending on the reducing potentials of the precursors, as in 106 
equations 1 and 2 (Bard, 1985; Haynes, 2014). Although ClO2
- is the main end 107 
product of ClO2 oxidation, some compounds with strong nucleophilicity can further 108 
reduce ClO2
- to Cl-. For instance, cysteine can reduce ClO2
- to Cl- at neutral or slightly 109 
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acidic conditions (Darkwa et al., 2004).  110 
2 ) 2aqClO e ClO
− −→+（                 E
o = 0.95V     (Eq. 1) 111 
2
-
22 4 4ClO H O e Cl OH
− − −+ + → +        Eo = 0.76V   (Eq. 2) 112 
Secondly, the effect of reaction conditions (i.e., ClO2 dose, pH and reaction time) 113 
on the ClO2
- yields during ClO2 oxidation of organic moieties remains unknown. The 114 
organic product speciation varies with the applied ClO2 doses. For example, 115 
benzoquinones have been identified as major products from the ClO2 oxidation of 116 
phenol at a ClO2 to phenol molar ratio less than 1 (Wajon et al., 1982), while 117 
carboxylic acids are formed at a ClO2 to phenol molar ratio higher than 3 (Rav-Acha, 118 
1998). A similar tendency has been observed during the oxidation of amino acids with 119 
a ring structure (e.g., tryptophan, histidine and tyrosine) and the main products shift 120 
from ring structures to small chains as the ClO2 doses increase from 0.25 to 4 times of 121 
the molar concentrations of targeted amino acids (Navalon et al., 2009; Stewart et al., 122 
2008). The effect of ClO2 dose on inorganic product speciation needs further 123 
investigation. In addition, the reaction pH has an influence on ClO2
- conversions from 124 
ClO2 oxidation. Although ClO2 is stable at typical water pH range (pH 6–8) (Aieta 125 
and Berg, 1986), the water pH affects not only the reactivity of certain precursors 126 
towards ClO2 but also the kinetics of side-reactions involving in inorganic 127 
by-products (i.e., ClO2
-, ClO3
- and HOCl) (Baribeau et al., 2002; Uzun et al., 2018). 128 
For example, deprotonated amines react faster with ClO2 (Hull et al., 1967; 129 
Rosenblatt et al., 1967). The side-reactions (Equation 3 and 4) during ClO2 oxidation 130 
also depend on the pH conditions (Körtvélyesi, 2004).  131 
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2 22  2   ClO HOCl ClO Cl OH
− − −+ → + +                        (Eq.3) 132 
2 2 32    2   3ClO HOCl H O ClO Cl H
− − ++ + → + +                  (Eq.4) 133 
Thus, the objectives of this study were therefore to (i) quantify ClO2
- yields from 134 
ClO2 oxidation of thirty ClO2-reactive model compounds bearing different functional 135 
groups, including phenols, olefins, amines, thiols and heterocyclic compounds; (ii) 136 
explore the kinetics of ClO2
- formation upon ClO2 oxidation of ten humic substances 137 
and the correlations with their physicochemical properties; (iii) examine the effect of 138 
reaction conditions (i.e., reaction time, pH and ClO2 dose) on ClO2
- and ClO3
- 139 
formation during oxidation of model compounds and humic substances; and (iv) 140 
postulate ClO2 reduction mechanisms by investigating the electron transfer during 141 
oxidation of humic substances based on the distribution of inorganic by-products.  142 
2. Materials and methods 143 
2.1 Chemicals 144 
All of the chemicals used were obtained from commercial sources and used as 145 
received. Sodium chlorite (NaClO2, 80%), sodium chlorate (NaClO3, 99%), ammonia 146 
chloride (NH4Cl, 99.6%) and sodium chloride (NaCl, 99.9%) were obtained from 147 
Macklin (China). Ethylenediamine and glycine were purchased from J&K (China). 148 
Folin-Ciocalteu reagent and thirty model organic compounds were obtained from 149 
Sigma-Aldrich (USA) and their structures are provided in Figure 1. Thirty model 150 
compounds featured with phenol, quinone, olefin, amine, sulfide and heterocyclic 151 
groups were selected to interpret ClO2 oxidation of humic substances. The selection 152 
of model compounds was based on the carbon distribution of humic substances 153 
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characterized via nuclear magnetic resonance (Perminova et al., 1999; Thorn et al., 154 
1991) and the reported structure models of humic substances (Alvarez-Puebla et al., 155 
2006; Schulten and Schnitzer, 1993; Tossell, 2009; Vairavamurthy et al., 1997). 156 
ClO2 stock solution was prepared daily from gaseous ClO2 by slowly adding 157 
dilute H2SO4 to a sodium chlorite solution using a set of glass gas diffusion bottle 158 
reactors (Figure S1) according to the standard method (APHA, 1998). The 159 
concentrations of the ClO2 stock solutions and residual ClO2 were determined with a 160 
Hach DR2800 residual chlorine analyzer using the diethyl-p-phenylene diamine (DPD) 161 
colorimetric method (APHA, 1998). The prepared ClO2 stock solution was free of 162 
chlorine.  163 
All of the humic acids (HAs), fulvic acids (FAs) and natural organic matter 164 
(NOM) isolates were purchased from the International Humic Substances Society 165 
(IHSS), including the Pahokee Peat HA Standard I (PPHA), Leonardite Standard HA 166 
(LHA), the Pony Lake FA (PLFA) reference, the Nordic Lake FA (NLFA) reference 167 
and NOM (NLNOM), Suwannee River HA Standard II (SRHA), Suwannee River FA 168 
Standard II (SRFA), and Suwannee River NOM I and II (SRNOM I and SRNOM II), 169 
Upper Mississippi River NOM and Nordic Lake NOM (UMNON and NLNOM). 170 
These humic substances were selected because they are well characterized ones and 171 
origin from different sources (e.g., water, soil and microbes) and feature diverse 172 
element composition and functional group distribution (Table S1). Each humic 173 
substance stock solution was prepared by dissolving in ultrapure water and then 174 
filtering through a 0.45 μm prebaked glass fiber filter to remove any undissolved 175 
particulate matter. Two surface waters (designated SW1 and SW2) were collected in 176 
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Guangdong Province in China (Table S2) and stored at 4oC after being filtered 177 
through a 0.45 μm filter.  178 
2.2 Experimental procedures 179 
Each model compound was diluted to 0.1 mM at pH 7.0 with 2 mM phosphate 180 
buffer in amber bottles. 0.5 mM ClO2 (33.8 mg·L
-1) was added to the solutions to 181 
achieve a molar ratio of ClO2 to the precursor ([P]) at 5:1 ([ClO2]0/[P] = 1:0.2) in 182 
order to estimate the maximum ClO2
- formation from model compounds. In certain 183 
experiments the applied ClO2 dose was adjusted to 0.02 mM (1.35 mg·L
-1 ) to achieve 184 
a ClO2 deficient condition ([ClO2]0/[P] = 1:5). After two hours of incubation in the 185 
dark at room temperature (25±1℃) without headspace, an aliquot of sample was 186 
collected for analysis of residual ClO2 and HOCl. Residual sample was subjected to 187 
measure the concentrations of ClO2
-, ClO3
- and Cl- after removal of residual ClO2 by 188 
purging with nitrogen gas and quenching of HOCl with addition of ethylenediamine 189 
according to USEPA method 300.1 (USEPA, 1997). 190 
Similar ClO2 oxidation experiments were also conducted with the ten humic 191 
substances and two surface waters. Each humic substance was diluted to 2 mg·L-1 192 
DOC at pH 7.0 with 2 mM phosphate buffer. ClO2 was applied to achieve a typical 193 
mass ratio of oxidants to DOC found in drinking water treatment (ClO2:DOC = 0.5−3) 194 
(Amy et al., 1998) in order to investigate the dose effect on ClO2
- formation. Analysis 195 
of ClO2
-, ClO3
-, Cl-, HOCl and residual ClO2 were conducted at reaction intervals of 196 
0.5, 1, 2, 5, 15, 30, 60, 120, 360, 720 and 1440 min, respectively. Extra 20 mL of 197 
samples were withdrawn and quenched with 100 mg of sodium thiosulfate to 198 
determine the total organic chloride (TOCl) concentrations after 10 min and 1440 min 199 
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of reaction. ClO2 oxidation of humic substances was also conducted at pH 6.0 and 8.0 200 
with phosphate buffer to evaluate the pH effect on the formation of ClO2
- and ClO3
-. 201 
The background ClO2
-, ClO3
- and Cl- concentrations (~0.1 mg·L-1) from ClO2 stock 202 
solution were subtracted from the samples after ClO2 oxidation. Negligible 203 
disproportionation of ClO2 solution alone was observed during 24-h reaction at pH 204 
6.0, 7.0 and 8.0 (Figure S2 ). The experiments were carried out in duplicate.   205 
2.3 Analytical methods 206 
The DOCs of the humic substance stock solutions were analyzed using a 207 
Shimadzu TOC-VCPH oxygen analyzer (Shimadzu, Japan). The concentrations of 208 
ClO2
-, ClO3
- and Cl- were measured using a Dionex ICS 900 ion chromatograph 209 
(Dionex, USA) equipped with an AS9-HC anionic column. The limit of detection 210 
(LOD) of ClO2
-, ClO3
- and Cl- were 20, 20 and 50 μg·L-1, respectively. TOCl was 211 
analyzed using an Analytik Jena multi X 2500 total organic halogen analyzer 212 
(Analytik Jena, Germany) equipped with a colorimetric detector based on Standard 213 
Method 5320B (Text S1) (APHA, 1998). The LOD of TOCl was 0.1 μg. The total 214 
antioxidant capacities of the humic substances were determined by the 215 
Folin-Ciocalteu method (Zhang et al., 2014) with details provided in Text S2. Briefly, 216 
electron transfer reactions from antioxidants in humic substance to molybdates 217 
(MoO4
2-) in Folin-Ciocalteu reagent under alkaline conditions, leads to Mo(VI) 218 
reduction to blue species Mo(V) (Huang et al., 2005). Absorbance at 760 nm was used 219 
to represent the total antioxidant capacity of humic substances samples using a 220 
regression equation with gallic acid as standard reference. The total antioxidant 221 
capacities (TACs) of each humic substance were quantified using the Folin-Ciocalteu 222 
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assay (Table S1). The LOD of total antioxidant capacity was 0.5 mg as gallic acid 223 
equivalents. The concentrations of residual ClO2 and free chlorine were measured via 224 
DPD colorimetric method. Briefly, to measure the ClO2 concentrations, 0.2 g glycine 225 
was added to 10 mL of sample to quench free chlorine. The UV absorbance at 515 nm 226 
after mixing HACH free chlorine regent powder pillow with samples reads the ClO2 227 
concentrations (mg·L-1 as ClO2). Excessive amount of NH4Cl (21 mg) was added to 228 
another 10 mL of samples to stop free chlorine reactions before measurement of total 229 
chlorine concentrations. The total residual chlorine concentrations were also 230 
determined via UV absorbance at 515 nm after mixing HACH total chlorine regent 231 
powder pillow with samples. The free chlorine level was then calculated by 232 
subtracting the residual ClO2 (multiply by 1.9 to convert into mg·L
-1 as Cl2) from the 233 
total residual chlorine. The LOD of ClO2 and free chlorine were 40 and 10 μg·L-1, 234 
respectively. 235 
3. Results and discussion 236 
3.1 ClO2 oxidation of model compounds 237 
Figure 2 shows the ClO2
- and ClO3
- yields from ClO2 oxidation of the selected 238 
model compounds when the molar ratio of ClO2 to precursor was at 5:1. The yields 239 
are calculated by dividing the amount of generated byproducts to consumed ClO2 at 240 
molar concentrations unless specified otherwise. 241 
When ClO2 was in excess, the ClO2
- yield from the oxidation of phenol was 242 
about 50% (47.1 ± 0.5%), which is consistent with the results of previous studies 243 
(Rougé et al., 2018; Wajon et al., 1982). Despite a variety of substituents, ClO2
- 244 
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conversions from oxidation of mono-hydroxybenzenes was 47±4.3% on average, 245 
with the exception of 4-aminophenol (84 ± 1.7%). The position of a substituent on 246 
mono-hydroxybenzene seemingly had no significant impact on ClO2
- yields. For 247 
example, ClO2 oxidation of 4-hydroxybenzoic acid (para-substituted), 248 
3-hydroxybenzoic acid (ortho-substituted) and salicylic acid (meta-substituted) 249 
exhibited comparable ClO2
- yields (51 ± 3.1%). However, oxidation of di- and 250 
tri-hydroxybenzenes tended to exhibit significantly higher ClO2
- yields than 251 
mono-hydroxybenzenes (p ≤ 0.05, one-tailed). ClO2- conversions from reactions of 252 
hydroquinone and catechol reached 76 ± 0.1% and 70 ± 1.3%, respectively. The ClO2
- 253 
conversions from ClO2 oxidation of tri-hydroxybenzenes were all above 55%, and 254 
ClO2
- yields from 1,3,5-trihydroxybenzene reached 72 ± 0.2%. 255 
The differences in ClO2
- yields from ClO2 oxidation of phenols can be attributed 256 
to their varied decomposition pathways. According to published studies, 257 
benzoquinones are main organic products from ClO2 oxidation of phenols via the 258 
formation of phenoxyl radicals after one-electron transfer followed by oxygen transfer 259 
to the benzene rings, as depicted in Figure S3 (Lindgren et al., 1965; Stevens, 1983). 260 
ClO2
- conversion from the step of phenoxyl radical formation is theoretically 100% 261 
(i.e., one ClO2 molecule is reduced to one ClO2
- molecule) (Tratnyek and Hoigné, 262 
1994). But once HOCl, not ClO2
-, was released from ClO2 from the oxygen 263 
substitution step as illustrated in the study of Rogue et al. (2018), the observed ClO2
- 264 
conversion decreased. 265 
The results of the model compounds support the theoretical mechanism 266 
describing ClO2
- formation from the reactions between organic compounds and ClO2. 267 
 13 
 
The fact that higher ClO2
- conversions was observed from reactions with di- and tri- 268 
hydroxybenzenes than from mono-hydroxybenzenes indirectly demonstrates that the 269 
predominance of the conversion from hydroxyl groups to phenoxyl radicals (and then 270 
to carbonyl groups) leads to higher ClO2
- yields. In addition, differences in ClO2
- 271 
yields were observed at different molar ratios of ClO2 to the precursors. At [ClO2]0/[P] 272 
= 1:5, ClO2
- yields from oxidation of phenol, 4-hydroxybenzoic acid and 273 
hydroquinone reached 61 ± 2.0%, 60 ± 1.3% and 91 ± 1.0%, respectively (Table 274 
S3).Oxidation of these phenolic compounds with deficient ClO2 exhibited higher 275 
ClO2
- yields than oxidation with excess ClO2 ([ClO2]0/[P] = 1:0.2) (47 ± 0.5%, 55 ± 276 
2.7% and 76 ± 0.1%, respectively) (Figure S4). Meanwhile, benzoquinones, the main 277 
organic products from ClO2 oxidation of phenols (Gan et al., 2019; Rougé et al., 278 
2018), can further react with ClO2. The changes of featured peaks in degradation of 279 
1,4-benzoquinone by ClO2 was observed via UV-vis spectra (Figure S5). However, 280 
the ClO2
- yields from oxidation of 1,4-benzoquinone were relatively low of 50 ± 2.5% 281 
(Figure 2). This result indicated that the further degradation of quinone moieties may 282 
result in the lower ClO2
- yields observed from oxidation of phenolic compounds with 283 
excess ClO2.  284 
ClO2
- yields from the tested amines were above 60% when [ClO2]0/[P] = 1:0.2. 285 
Specifically, ClO2
- yields were 64 ± 0.6% for trimethylamine, 60 ± 4.6% for 286 
ethylmethylamine, 69 ± 2.7% for ranitidine and 73 ± 1.8% for N, N-dimethylaniline. 287 
In contrast, much lower ClO2
- yields, in the range of 10−20%, were observed from 288 
reactions with olefins. A previous study stated that ClO2 oxidation of styrene, an 289 
olefin, produce negligible level of ClO2
-, especially in acidic medium (Kolar and 290 
Lindgren, 1982). In the case of cysteine and cystine (sulfur-containing compounds), 291 
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higher ClO2
- yields were observed when ClO2 is in excess (Figure S4), which was 292 
opposite to the observations of phenolic compounds. For example, oxidation of 293 
cysteine had a ClO2
- yield of 48 ± 0.8% when [ClO2]0/[P] = 1:0.2. However, ClO2
- 294 
yields dropped to 10 ± 1.5% when cysteine was in excess over ClO2. 295 
Sulfur-containing groups (e.g., thiols and sulfides) can further reduce ClO2
- to Cl- due 296 
to their strong nucleophilicity (Ison et al., 2006; Loginova et al., 2008), which 297 
explains the much lower ClO2
- yields observed at deficient ClO2 doses.  298 
The yields of ClO3
-, another regulated by-product, from ClO2 oxidation of model 299 
compounds were below 10%, except benzoquinones and olefins. ClO3
- yields from 300 
oxidation of olefins and benzoquinones were around 50% and 15%, respectively. 301 
Notably, about 15–40% of consumed ClO2 were converted to HOCl during oxidation 302 
of model compounds (Figure S6), which may contribute to ClO3
- formation according 303 
to Eq. 4 (Son et al., 2005). To verify this notion, ClO3
- formation from oxidation of 304 
olefins (sorbic acid and cyclohexene) and phenols (vanillin acid and 305 
trihydroxybenzene) (Figure S7) were compared with or without presence of glycine, a 306 
selective scavenger of HOCl. The ClO3
- concentrations were reduced by 20–40% with 307 
the presence of glycine(Figure S7), except for trihydroxybenzene. This indicated that 308 
ClO3
- formation was only partially derived from side-reaction between ClO2 and 309 
HOCl (Eq. 4). However, substantial amount of ClO3
- still occurred in the presence of 310 
glycine. Other oxidative species produced during ClO2 oxidation, such as Cl2O4
- and 311 
ClO·, may also contribute to ClO3
- formation via dismutation reaction or reactions 312 
with ClO2 or ClO2
- (Körtvélyesi, 2004; Kolar and Lindgren, 1982).  313 
Results from ClO2 oxidation of model compounds demonstrated that ClO2
- yields 314 
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depend on the featured functional groups of precursors. Oxidation of amines, di- and 315 
tri-hydroxybenzenes exhibited ClO2
- yields > 50%, indicating that one-electron 316 
transfer pathway was the dominant reaction mechanisms. Oxidation of olefins had 317 
ClO3
- yields around 50% and reactions involving HOCl and other intermediate species 318 
seemed to get involved in its formation. Oxidation of thiols had the highest Cl- yields 319 
(~32%) (Figure S6) because of their high reduction potential to be able to further 320 
reduce ClO2
-. 321 
3.2 ClO2 oxidation of humic substances and natural waters 322 
3.2.1 Chlorite formation from ClO2 oxidation of humic substances 323 
    Ten humic substances were treated with ClO2 for 24 hours at a ClO2: DOC mass 324 
ratio of 2. Besides ClO2
- and ClO3
-, the formation of Cl-, free chlorine (HOCl/OCl-) 325 
and total organic chlorine was also monitored for a better understanding of the 326 
distribution of by-products. The sum of analyzed by-products accounted for 88–98% 327 
of consumed ClO2 during the oxidation of each humic substance. Figure S8 and 328 
Figure S9 display the formation of by-products from SRHA and PPHA over time as 329 
examples. The results of the other humic substances are shown in Figure S10. The 330 
ClO2
- conversions from humic substances after 24 hours ranged from 48% to 67% 331 
(median of 62%). Besides, 18.1–30.0% of the consumed ClO2 (median of 23.1%) 332 
converted to Cl-, the second most prevalent reduced product. Small amounts of the 333 
consumed ClO2 converted to ClO3
- and TOCl (4.8% and 2.5%, respectively) after 24 334 
hours.  335 
ClO2
- conversions from oxidation of humic substances were found to be 336 
time-dependent. In the term of ClO2
- yields, fluctuations were observed during ClO2 337 
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oxidation, especially in the first 5 min of the reaction. The ClO2
- yields from LHA, 338 
SRFA and SRNOM II are shown in Figure S11 as examples. The ClO2
- yield from 339 
LHA decreased from 80% to 70% over the first 5 min, then slowly decreased to 60% 340 
over the next 25 min and stayed steady at 60% thereafter. In contrast, ClO2
- yields 341 
from SRFA and SRNOM II increased by about 10% over the first 5 min. Differences 342 
in ClO2
- yields were also observed between the first 5 min and the rest of the reaction 343 
period in the oxidation of other humic substances (Figure S11b). LHA is extracted 344 
from a lignite coal and is a highly processed aromatic-rich HA. In comparison to other 345 
humic substances, it has high aromaticity (58%) (Table S1) and also high electron 346 
accepting capacities and relatively low electron donating capacities (Aeschbacher et 347 
al., 2012). Perhaps its aromaticity changed greatly after ClO2 oxidation, leading to 348 
different features in ClO2
- yields from other humic substances, but it needs further 349 
approval in future studies. 350 
Meanwhile, the concentration of ClO2
- had a dramatic increase in the first 5 min 351 
of the reaction as depicted in Figure 3a with ClO2 oxidation of NLFA is an example. 352 
Notably, the initial ClO2
- formed in the first 5 min accounted for 25–52% (37% on 353 
average) of the final ClO2
- concentrations (after 24 hours) from ClO2 oxidation of 354 
humic substances. The generation of ClO2
- continued with time prolonging, but the 355 
formation rates were much lower. The first 5 min of ClO2 oxidation can thus be 356 
regarded as the fast-reaction phase featured with fluctuating ClO2
- yields and massive 357 
ClO2
- formation. The ClO2
- concentration formed in this phase ([ClO2
-
, i]) signifies the 358 
fast-reacting precursors in ClO2 oxidation. The following slow-reaction phase is 359 
characterized by stable ClO2
- yields and slow ClO2
- formation. The median ClO2
- 360 
yields during the 24-hour reaction period were used to represent the slow-reacting 361 
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precursors in ClO2 oxidation, corresponding to the stable ClO2
- yields of the 362 
prolonged reaction time. It should be noted that the average values of ClO2
- yields 363 
from oxidation of humic substances have less than 3% difference from the median 364 
values.    365 
A correlation with R2 of 0.77 was observed between [ClO2
-
, i] and the phenolic 366 
contents of the humic substances (Figure 3b), suggesting the importance of phenolic 367 
moieties as fast-reacting precursors of ClO2
- formation. To interpret the fast-reacting 368 
precursors, the published kinetics rates of ClO2 oxidation with a variety of model 369 
compounds are summarized in Figure S12. The reaction half-life calculations are 370 
described in detail in Text S3. The short half-lives (within a minute) of phenolic 371 
compounds also support the notion that phenolic moieties serve as significant 372 
contributors to the initial massive ClO2
- formation observed in oxidation of humic 373 
substances. It should be noted that thiols and heterocyclic organics are also expected 374 
to among the fast-reacting precursors in ClO2 oxidation according to their fast 375 
reaction rates with ClO2 (Figure S12). However, the major reduced product of ClO2 in 376 
the reactions with thiols is Cl-, rather than ClO2
-, as demonstrated in the model 377 
compound results (Figure S6). Heterocyclic organics (mainly nitrogenous ones) were 378 
not expected to exist at high concentrations as the nitrogen contents in humic 379 
substances were quite low (0.67–3.03% g/g) (Table S1). UMNOM had very low 380 
initial ClO2
- formation, which is probably attributed to its low phenolic content and 381 
high sulfur content compared to the other tested humic substances (Table S1). Cl- 382 
conversion in the first 5 min oxidation of UMNOM reached 47%. 383 
There was also a positive correlation (R2 = 0.84) between the specific UV 384 
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absorbance at 254 nm (SUVA) of humic substances and their median ClO2
- yields 385 
(Figure 3c), which highlights the significance of aromatic structures as ClO2
- 386 
precursors. Humic acids exhibited higher ClO2
- yields than fulvic acids (p ≤ 0.05, 387 
one-tailed). The median ClO2
- yields were 62% for SRHA, 69% for PPHA and 66% 388 
for LHA, while they were 42% for PLFA, 52% for SRFA and 55% for NLFA. As 389 
demonstrated by model compound results, the ClO2
- yields relate to the distribution of 390 
functional groups (e.g., phenols, amines, olefins and heterocyclic rings), many of 391 
which are adjacent to the aromatic structures. That is, highly aromatic humic 392 
substances tend to have more ClO2-reactive sites leading to higher ClO2
- yields during 393 
the reaction. Slow-reacting precursors (e.g., olefins and non-phenolic lignins) and the 394 
oxidized products from fast-reacting precursors were presumably responsible for the 395 
ClO2
- formation in the slow-reaction phase (Ni et al., 1994; Rav-Acha et al., 1986). 396 
For example, the further oxidation of quinone moieties generated from the ClO2 397 
oxidation of phenols contributed to the ClO2
- yields in that later period (Bogatu et al., 398 
2005). Decreases in SUVA values were observed during prolonged ClO2 oxidation of 399 
humic substances (Huang et al., 2018; Wenk et al., 2013), which also supported that 400 
aromatic moieties are important slow-reacting precursors of ClO2
- formation. It 401 
should be noted that insignificant correlations were observed between SUVA values 402 
and [ClO2
-
, i], neither between phenolic contents and the median ClO2
- yields (Figure 403 
S13). This results also supported the importance of precursors with different featured 404 
functional groups at different reaction phase.  405 
In addition, ClO2
- yields from oxidation of humic substances depend on the 406 
applied ClO2 dose (Figure S14). The median ClO2
- yield with NLFA during 24-hour 407 
reaction was 60% at a mass ratio ClO2: DOC of 1. That was significantly higher than 408 
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the yield at ClO2: DOC mass ratios of 2 and 3. The oxidation of SRFA and NLNOM 409 
showed similar trends—the ClO2- yields at a lower ClO2 dose were significantly 410 
higher than those at a higher dose (p ≤ 0.05). Meanwhile, increases of HOCl yields 411 
were observed with increasing ClO2 doses. Changes of ClO3
- yields were insignificant 412 
at ClO2 to DOC mass ratio above 1 (Figure S15). A recent study also found that 413 
increasing ClO2 doses resulted in more formation of free chlorine during ClO2 414 
oxidation of humic substances (Rougé et al., 2018).  415 
The effect of pH on ClO2
- and ClO3
- formation was also evaluated on oxidation 416 
of humic substances (Figure S16). The concentrations of ClO2
- increase with 417 
increasing pH, indicating that ClO2
- formation in typical pre-oxidation condition (i.e., 418 
pH 6.0) is probably lower than in post-oxidation (i.e., pH > 7.0) at the same ClO2 dose. 419 
Increase of pH cause more deprotonated precursors, thereby enabling ClO2 to better 420 
oxidize organic moieties to produce more ClO2
-. For example, the pKa of most of 421 
phenolic moieties in humic substances are in the range of 8–10 (Dryer et al., 2008). 422 
Majority of ClO2-reactive amines in waters are likely to have pKa values > 7.0 (Uzun 423 
et al., 2018). Meanwhile, pH effect on ClO3
- formation was insignificant because the 424 
level of ClO3
- at different pH values were minor (< 0.3 mg·L-1). 425 
3.2.2 Antioxidant properties and electron transfer during ClO2 oxidation 426 
ClO2 oxidation of humic substance involves electron transfer from organic 427 
moieties to ClO2 molecules. ClO2 favors accepting just a single electron to form ClO2
-. 428 
Simultaneously, reductions involving the transfer of three and five electrons also 429 
occur, leading to the release of HOCl and Cl-, respectively (Figure S6). This suggests 430 
the electron transfer scheme during ClO2 oxidation described in Text S4. Considering 431 
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the different standard reduction potentials of ClO2 (Eh
0 (Cl+4/Cl+3) = 0.95 V and Eh
0 432 
(Cl+4/Cl-1) = 1.51 V) (Haynes, 2014), the formation of reduced products during ClO2 433 
oxidation would be expected to relate closely to the electron-donating properties (total 434 
antioxidant capacities) of the precursors.  435 
The assay is based on electron transfer between water matrices and 436 
Folin-Ciocalteu reagent (Huang et al., 2005), which is similar to the mechanism of 437 
ClO2 oxidation. The assay covers most of the electron-donating moieties found in 438 
water, including phenols, sulfur-containing moieties, amines, heterocyclic compounds 439 
(e.g., pyrroles, and pyrimidines) and some inorganic ions (e.g., Fe2+, Mn2+ and I-) 440 
(Everette et al., 2010), which overlap with most ClO2-reactive moieties. The assay 441 
may thus quantify the reducing activity towards ClO2 of water containing humic 442 
substances. It is noteworthy that the TAC values of humic substances do not correlate 443 
with their SUVA values (Figure S17), which demonstrates that TAC can represent the 444 
reactive electron-donating moieties that do not have a significant absorbance at 254 445 
nm.  446 
Figure 4(a) shows the total electron transfer from the humic substances together 447 
with their total antioxidant capacities. The detailed calculation method for the electron 448 
transfer is provided in Text S4. It should be noted that the estimation of transferred 449 
electrons was based on the concentration of reduced products from 24-hour reaction, 450 
which represented most of available precursors in prolonged ClO2 oxidation. 451 
The humic substances exacted from Suwannee River (SRNOM I and II, HA and 452 
FA) showed the greatest electron transfer to ClO2 (51–61 μmol/mg C) whereas PLFA 453 
and UMNOM transferred the least (42 and 43 μmol/mg C, respectively). A good 454 
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correlation (R2 = 0.86) was observed between the estimated amount of transferred 455 
electrons during the 24-hour reaction and the TACs of the humic substances (Figure 456 
4a and Figure S18). Additionally, the TACs of the humic substances showed positive 457 
correlations with the ClO2 demand of humic substances (R
2 =0.72) (Figure 4b). 458 
However, no correlations were observed from TACs with individual ClO2
- or ClO3
- 459 
formation individually (Figure S19). These results tend to confirm that the TAC 460 
values quantified by the Folin-Ciocalteu assay can well reflect the amount of reactive 461 
precursors towards ClO2. Further experiments were conducted on natural waters, SW1 462 
and SW2 (Figure S20). The ClO2 demand of SW1 at different ClO2:DOC mass ratios 463 
was 24–38% higher than that of SW2 though the DOC value of SW1 was less than 464 
half that of SW2. This may be explained by the higher TAC values of SW1 than SW2. 465 
 466 
3.3 Integrating chlorite formation with ClO2 exposure 467 
Considering the time- and dose-dependence of ClO2
- formation, a cumulative 468 
disinfectant exposure (CT) was calculated by integrating the residual chlorine dioxide 469 
concentrations (c(t)) over the reaction time (Figure S21). Figure 5a shows the ClO2
- 470 
formation as a function of CT for the humic substances and surface waters. The CT 471 
value required to reach the threshold of ClO2
- level allowed under USEPA regulations 472 
(1 mg·L-1) was designated as CTMCL. At a ClO2: DOC mass ratio of 2, the CTMCL 473 
values varied significantly among the samples. The CTMCL values for the humic 474 
substances with TACs above 0.2 mg∙mg-C-1 were below 50 mg-min·L-1. PLFA and 475 
ULNOM, with relative low TACs, had higher CTMCL values of 225 and 900 476 
mg-min·L-1, respectively. The CTMCL of SW2 was approximately 4000 mg-min·L
-1, 477 
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conforming the trend that waters of lower TACs may have higher CTMCL values. 478 
However, ClO2
- formation from SW1 was always below the MCL although the 479 
applied ClO2 dose (3.6 mg·L
-1) was increased to 3 times of the DOC level. The 480 
smaller ClO2
- formation may have resulted from the low DOC value of SW1, which 481 
indicates limited content of reactive precursors.  482 
 In the practices of ClO2 disinfection, CT values > 20 mg-min·L
-1 should be 483 
sufficient to achieve 99.9% inactivation of Giardia cysts and 99.99% inactivation of 484 
viruses according to the USEPA’s guidance manual (USEPA, 1999b). However, a CT 485 
value larger than 400 mg-min·L-1 is required for inactivating chlorine-resistant 486 
microorganisms, such as C. parvum oocysts and Bacillus subtilis spores (Table S4) 487 
(Chauret et al., 2001). Therefore, there is a trade-off between reliable inactivation and 488 
ClO2
- formation as the function of the ClO2 exposure. Treating water of a high TAC 489 
value will tend to generate more ClO2
- in achieving the same inactivation of 490 
microorganisms (Figure 5b). In the case of real waters, the situation could be more 491 
difficult to state due to the presence of versatile reducing organic components and 492 
ions in water.  493 
To achieve a desired CT value for pathogen inactivation, it may be necessary to 494 
use a higher disinfectant concentration over a shorter exposure time or lower 495 
disinfectant concentration over longer exposure time. Considering the general 496 
disinfection period of 15 min to 2 hours applied in water treatment works, higher 497 
cumulative ClO2 injection over a shorter exposure time is preferable due to the 498 
reduced (or equivalent) formation of ClO2
- (Figure 5c). Similar tendency was 499 
observed on ClO3
- formation (Figure S22). This suggests that control of ClO2
- and 500 
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ClO3
- formation might be more plausible when ClO2 is used as a pre-oxidant or 501 
primary disinfectant with a relatively short contact time, typically 15–30min in 502 
practice. Besides, a slightly higher dose of ClO2 could be acceptable in pre-treatment 503 
of groundwaters containing Fe(II) and Mn(II) (commonly present in ground waters), 504 
given that the major reduced product in such cases will be Cl- rather than ClO2
- (Aieta 505 
and Berg, 1986). Yet, if ClO2 is used as a secondary disinfectant to provide residual in 506 
the distribution system, more chlorite may form due to the prolonged reaction time at 507 
higher ClO2 doses.  508 
    509 
4. Conclusions 510 
ClO2
- yields upon ClO2 oxidation of model compounds were dependent on the 511 
distribution of functional groups. ClO2 oxidation of amines, di- and 512 
tri-hydroxybenzenes had over 50% ClO2
- yields, while oxidation of olefins, thiols and 513 
benzoquinones had less than 50% ClO2
- yields. Phenolic moieties in humic substances 514 
were found to be the dominant fast-reacting precursors, responsible for the massive 515 
ClO2
- formation in the first 5 min. Besides, the SUVA values of humic substances 516 
correlate with the ClO2
- yields in prolonged reaction time, indicating that other 517 
aromatic precursors are important slow-reacting precursors of ClO2
- formation. 518 
Activated carbon adsorption, ultrafiltration or pre-oxidation by permanganate or 519 
ferrate prior to addition of ClO2 could effectively reduce the ClO2
- formation. 520 
Compared to SUVA, TAC value can better reflect the ClO2 demand of waters because 521 
it covers some ClO2-reactive moieties with minor UV absorbance. Humic substances 522 
of higher TACs tend to generate more ClO2
- at equivalent ClO2 exposure. Therefore, 523 
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TAC values may be a promising reference to balance the trade-off between ClO2
- 524 
formation and reliable inactivation in practices. Further validation on natural water 525 
samples from diverse sources should be considered in future study.  526 
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